Zebrafish (Danio rerio) have become a valuable model for investigating the molecular genetics and development of the inner ear in vertebrates. In this study, we employed a prepulse inhibition (PPI) paradigm to assess hearing in larval wild-type (AB) zebrafish during early development at 5-6days post-fertilization (d.p.f.). We measured the PPI of the acoustic startle response in zebrafish using a 1-dimensional shaker that simulated the particle motion component of sound along the fish's dorsoventral axis. The thresholds to startle-inducing stimuli were determined in 5-6d.p.f. zebrafish, and their hearing sensitivity was then characterized using the thresholds of prepulse tone stimuli (90-1200Hz) that inhibited the acoustic startle response to a reliable startle stimulus (820Hz at 20dB re. 1ms
INTRODUCTION
Zebrafish, Danio rerio (Hamilton 1822), have become a valuable model for investigating the development and molecular genetics of the vertebrate inner ear (Whitfield, 2002; Nicolson, 2005) . The early development of the zebrafish inner ear is similar to that of other vertebrates (Bang et al., 2001; Whitfield et al., 2002; Riley and Phillips, 2003) and its sensory hair cells are homologous to those found in mammals (Coffin et al., 2004) . Over 50 genes are known to impact the zebrafish auditory inner ear and/or vestibular system Whitfield et al., 1996; Whitfield et al., 2002; Riley and Phillips, 2003; Starr et al., 2004; Nicolson, 2005) and many of these genes are conserved and affect the inner ear development and function in other vertebrates, including humans (Nicolson et al., 1998; Moorman et al., 1999; Riley and Moorman, 2000; Busch-Nentwich et al., 2004; Kappler et al., 2004; Kozlowski et al., 2005) . However, unlike mammals, zebrafish develop from eggs ex utero and are transparent during the first few weeks of life. These characteristics coupled with the animal's rapid generation time, ease of maintenance and accessibility of the inner ear make this animal an attractive genetic model to investigate inner ear development and hearing.
Despite the enormous potential of the zebrafish model to investigate the functional effects of genes on hearing, few behavioral hearing assays have been developed for zebrafish. The most commonly used behavioral measure of auditory function in larval zebrafish is the startle response (Bang et al., 2000; Bang et al., 2002) . It is an innate, reliable and robust behavior elicited by fast, high intensity stimuli. The startle response is mediated by Mauthner cells (M-cells), which are large reticulospinal neurons that receive information from ipsilateral sensory afferents and synapse to contralateral spinal motor neurons (Eaton et al., 2001; Weiss et al., 2006) . When activated, all of the motor neurons fire synchronously, causing the fish to bend into a characteristic 'C' shape away from the stimulus direction, which is easy to detect and differentiate from normal swimming motion. However, the use of the startle response only tests the grossest aspects of hearing and cannot be used to characterize differences in frequency selectivity or other auditory capabilities. Comparison of startle response thresholds with auditoryevoked potential (AEP) thresholds reveals a large difference in detection sensitivity between these two measures, which likely indicates that the startle response assay has a high rate of Type II error; i.e. the auditory stimulus is detected but is too weak to elicit a startle response. The development of acoustically evoked behavioral responses to pure tones in zebrafish has also been studied from 5d.p.f. to adults (Zeddies and Fay, 2005 ) and a positive reinforcement conditioning assay has been developed recently for the assessment of hearing in adult zebrafish (Cervi et al., 2012) .
The focus of this study was to develop a prepulse inhibition (PPI) paradigm to assess hearing in wild-type (AB) zebrafish during early larval development at 5-6d.p.f. PPI is a well-studied phenomenon whereby a startle reflex elicited by a strong stimulus is inhibited by the prior presentation of a weaker stimulus (Hoffman and Ison, 1980) . PPI and other behavioral suppression techniques have been used to investigate responses to acoustic stimuli since Yerkes (Yerkes, 1905) , who showed that a pairing of tactile and acoustic stimuli elicited a greater response than a tactile stimulus alone; by systematically decreasing the intensity of acoustic stimuli and measuring response intensity, a behavioral hearing range could be constructed. Reflex inhibition and suppression methods have since been used to determine auditory sensitivity in rodents (Ison, 1982; Young and Fechter, 1983; Willott et al., 1994) , chickens (Gray and Rubel, 1985) and humans (Ison and Pinckney, 1983) . A PPI paradigm is advantageous over other behavioral techniques because it takes advantage of an innate response that does not need to be learned or conditioned, and the degree of inhibition has been shown to be proportional to the stimulus intensity (Young and Fechter, 1983; Neumeister et al., 2008) .
Sound can be quantified in descriptive terms including pressure and particle motion. Most terrestrial ears respond to pressure, which is a scalar measure of sound that contains no directional information. In most cases, sound pressure can be readily measured using microphones or hydrophones. In contrast, particle motion is a vector measure of sound that includes directional cues and can be measured with accelerometers (or calculated from pressure gradient measurements). The inner ears of teleost fishes consist of one or more otolithic end organs that respond directly to particle motion and essentially function as accelerometers (Fay, 1984; Hawkins, 1993) . Some fish, including adult zebrafish, have specialized adaptations that also allow them to sense the pressure component of sound; however, developmental studies have shown that 5d.p.f. larval zebrafish lack these adaptations and would therefore only be sensitive to acoustic particle motion at this developmental stage (Higgs et al., 2003; Kimmel et al., 1995) .
In this study, we assessed the acoustic (particle-motion) sensitivity of the inner ear in 5-6d.p.f. larval, wild-type (AB) zebrafish using a PPI assay not previously used with fish. The M-cell-mediated startle response of zebrafish to an acoustic stimulus is modified by the prior presentation of a lower level acoustic stimulus. We show that the PPI assay is a more sensitive measure of the zebrafish auditory capability than the standard acoustic startle response assay. We also used the PPI assay to investigate the relative contribution of the lateral line to acoustic stimulus detection in 5-6d.p.f. larval wild-type (AB) zebrafish and show that the lateral line is not involved in encoding the acoustic stimuli at the tested frequencies.
MATERIALS AND METHODS Animals
Wild-type (AB) 5-6d.p.f. zebrafish larvae (D. rerio) were obtained from an adult zebrafish colony housed at the University of Washington. Mating and egg collection were performed according to Westerfield (Westerfield, 2000) . Fertilized eggs from mated adults were staged as detailed elsewhere (Kimmel et al., 1995) and raised in Petri dishes (density ≤50 larvae per dish) housed in incubators at 28.5°C. After 4d.p.f., zebrafish larvae were fed live rotifers and then transferred to fresh embryo medium. At 4-6d.p.f., larvae were transported to the testing facility in an insulated container, and were then tested the same day. All fish were transferred between containers and to the experimental apparatus using wide-bore pipettes in order to minimize damage of the lateral line neuromasts. Larvae were allowed to acclimate to the experimental lighting and temperature (27±1°C) conditions for 30min before the experiments were conducted. Animal rearing and experimental procedures were approved by the University of Washington Animal Care and Use Committee.
Experimental setup
Sound produced by conventional speakers contains both acoustic pressure and particle motion. The use of a shaker allows for the fine stimulus control of acoustic particle motion in a single direction. The experimental apparatus consisted of a 96 square-well plate (containing 3.2mm diameter wells) secured to a 0.635cm thick acrylic platform that was mounted on to a vertically oriented BruelKjaer Type 4810 shaker (Bruel and Kjaer, Naerum, Denmark). The apparatus was similar to that described elsewhere (Zeddies and Fay, 2005) . Although the plate contained 96 wells, only a maximum of 36 central wells that formed a 6×6 array were used during the experiments because of the optical limitations of the high-speed camera. Individual fish with ~400μl embryo medium were placed in each of the central test wells. The experimental apparatus was housed inside a sound attenuation chamber (Industrial Acoustics, New York, NY, USA) on a vibration-isolation air table, in order to minimize external vibratory noise. A TDT System III (Tucker Davis Technologies, Alachua, FL, USA) and a PC computer running a custom-written MATLAB stimulus generation program (The MathWorks, Natick, MA, USA) were used to relay the stimulus signal to a Bruel and Kjaer Type 2710 amplifier that drove the shaker and produced controlled vibratory stimuli along the dorsoventral axis of the fish within the well. An accelerometer (model 355B04, PCB Piezotronics., Depew, NY, USA) was mounted onto the acrylic platform in order to measure the acoustic particle acceleration of the fish in the plate wells. The output of the accelerometer was amplified (Model 482A PCB amplifier) and then relayed to the A-D input of the TDT System III. Stimulus generation, capture and TDT System III were controlled using Matlab and ActiveX software (Microsoft Corp., Redmond, WA, USA). The zebrafish behavioral responses were recorded using a Photron Fastcam 1024PCI (Photron USA, San Diego, CA, USA) at 1000framess -1 (512×512 pixel resolution) synchronized to the vibratory stimulus via a transistor-transistor logic (TTL) pulse. TTL pulses from the camera were recorded at each frame capture using the System III and were later synchronized to the stimulus onset for analysis. All trials were illuminated from above using an LED array.
Acoustic stimuli
Acoustic stimuli were 24ms cosine-squared gated 100ms tones. Tonal stimuli of 90, 210, 310, 410, 540, 820, 1070 and 1200Hz were created using MATLAB 2009b and sampled at 100kHz. These frequencies were empirically determined during set up and initial testing to minimize distortion and motion in the non-vertical axes (i.e. x and y). The particle motion component of sound was measured using an accelerometer attached to the platform of the shaker system as a means to characterize acceleration in the experimental wells. During set up and initial testing, acceleration along the x-, y-and z-axes was measured using a PCB model 034K20 3-dimensional accelerometer, amplified using a Model 482A6 signal conditioner and then relayed to the System III. The accelerometer output was calibrated to the 355B04 accelerometer output prior to testing. Frequencies greater than 1200Hz were not tested because of voltage and current input limitations of the shaker (Zeddies and Fay, 2005) .
Before each experiment, acoustic stimuli were calibrated for frequency and amplitude. The 6×6 array of central wells were filled with ~400μl embryo medium. The root mean square accelerometer voltage output was acquired for each input amplitude. These outputs were checked for linearity and, as expected, the doubling of the stimulus levels resulted in a doubling of the measured acceleration (i.e. the slopes of plots are 6dB per stimulus level doubling) at all the frequencies tested (Fig.1) . The sensitivity of the accelerometer, calibrated by the manufacturer, was 1V output1g -1 (9.8ms
-2 ) acceleration and the particle acceleration levels were determined using the formula:
Samples of acoustic stimuli at the highest levels used to characterize the acoustic startle response were recorded. The rise-fall times of the acoustic stimuli were empirically determined and chosen as the shortest time that preserved the stimulus envelope. Fig.2 shows the time waveform of the particle motion stimuli (see insets) and the fast-Fourier transform (FFT) of the stimuli for 90, 410 and 1070Hz. The stimuli used contained little harmonic distortion. In all cases, the largest harmonic was attenuated at least 50dB (re. 1ms -2 ) relative to the fundamental frequency tested. At the highest levels used to characterize the acoustic startle response, significant particle motion was measured in the orthogonal (x-and y-) axes. However, this artifact of orthogonal motion in x and y during vertical (z-) axis stimulation was not observed at or near levels used to characterize the thresholds for the PPI of acoustic startle responses, as most of the x and y acceleration was at or below the measurable limit of the system (~-36dB re. 1ms -2 ).
Acoustic startle response characterization
A characterization of the acoustic startle response was performed in order to differentiate the M-cell-mediated C-start response from other non-startle behaviors reported for zebrafish. There exist a large number of behaviorally interesting non-startle behaviors, such as the burst swim, J-bend turn, and routine locomotion [see table1 in Wolman and Granato (Wolman and Granato, 2012) ], but these behaviors are not associated with a positive C-start response. Previous studies have shown two different startle responses based on different latencies: a M-cell-mediated (short-latency) startle response occurs at a latency of approximately 5-7ms while a longlatency startle occurs at >16ms (Burgess and Granato, 2007; Kohashi and Oda, 2008) . For all experiments, only the short-latency startle response was used to define a positive response.
For acoustic startle characterization, individual larvae (N=9; 3×3 array) were presented with either 90Hz at 14dB (re. 1ms -2 ) or 90Hz at 8dB pure-tone stimuli with a 15ms cosine gated ramp and the behavioral responses were filmed for the first 100ms after presentation of the stimulus. The video was then analyzed using a motion-tracking MATLAB script developed by Hedrick (Hedrick, 2008) . Four points on the fish (the two eyes, the caudal edge of the swim bladder, and the caudal fin) were tracked for the duration of the response (Fig.3B ). These points were used to calculate two metrics: Euclidean length or distance between the head (defined as the midpoint between the two eyes) and tail, and the body angle (defined as the angle between the head, midpoint and tail). These two metrics were used to quantify C-start responses, non-startle dB 20 log RMS accelerometer output 1 V .
(
The Journal of Experimental Biology 216 (18) responses and other behavioral responses. Positive startle responses were defined as responses that displayed a mean reduction in the Euclidean distance between the head and tail greater than 50% during the time period from the fish's initial movement to the apex of the C-bend of the fish's body, and reached maximum C-bend within 8ms of onset of the startle response. The duration of the startle response was defined as the time of the initial movement of the fish to maximum flexion of the body C-bend. The latency of the startle response was defined as the time between the stimulus onset and initial movement of the fish; the stimulus onset was defined as the end point of the cosine gated ramp of the acoustic stimulus. Because latency was variable, only startle responses that occurred within <50ms of stimulus onset were considered as part of the criteria for positive acoustic startle responses. These characterizations were tested on >20 previously untested responses to validate the accuracy and efficacy of the characterization parameters and then used to differentiate startle responses from non-startle responses in subsequent experiments.
Acoustic startle and PPI experiments
For the acoustic startle threshold experiments, each replicate (defined as one plate containing 24 fish arranged in a 6×4 array) consisted of stimuli at the frequencies mentioned above, and at intensities from −6 to −30dB re. 1ms -2 (varied in steps of 6dB). That is, each replicate was presented with 45 stimuli presented in a repeated measures design. These trials were separated by a randomized inter-trial interval of 70±10s based on preliminary data in order to reduce habituation. The behavioral responses were measured for the duration of the stimulus (100ms). The C-start occurred at ~18ms after stimulus onset while the long-latency startle was not characterized in this study. The videos were then analyzed using the criteria determined previously (above). For each trial, responses were coded binomially (1 for response, 0 for nonresponse). Plates that exhibited no responses were coded as having a threshold of 0dB, one step (6dB) above the highest presented stimulus level. After precise determination of the startle thresholds, prepulse experiments were conducted. ) as a function of input voltage (V) by frequency with a 6×6 array of wells in a 96 well plate filled with 400μl water. Each line indicates a separate frequency tested. Note that a doubling of the input voltage resulted in a doubling of the measured acceleration (6dB increase). Auditory sensitivity of larval zebrafish
The experimental procedure for the PPI experiments was similar to that for the startle response experiments except that a frequency of 820Hz at 20dB re. 1ms -2 was used as a universal startle stimulus. Each replicate consisted of 32 trials with four sound levels for each frequency presented in random order. These sound levels were empirically determined as the four largest sub-startle threshold levels. That is, these four levels were the highest levels presented that did not elicit a startle response. Additionally, three sound levels at or below the noise floor were tested to confirm the reliability of the response and to ensure that PPI did not extend to sound levels below the detection level of our system. A PPI trial consisted of a 50ms randomized prepulse stimulus with a 24ms ramp time followed by the startle stimulus. The inter-pulse interval, or the time between the end of the prepulse tone and the beginning of the startle tone, was 70ms, which was empirically determined in preliminary experiments. Each PPI startle stimulus presentation (trial) was preceded by a no prepulse 'catch' trial in order to determine baseline startle response probability (Fig.4) . The catch trial also controlled for possible habituation to the stimuli. The PPI effect was calculated as the difference between the percentage response to the prepulse trial (T n ) and the mean response probability of the catch trials immediately preceding (T n-1 ) and following the prepulse trial (T n+1 ) using the formula:
For all prepulse experiments, replicates were presented with no more than 16 total (prepulse and catch) stimuli in order to minimize habituation. After 16 presentations, fish were replaced with naive fish from the same cohort. Thus, for each dataset a total of 96 fish were used.
Lateral line ablation experiments
In order to assess the relative contribution of the lateral line in acoustic detection, the lateral line was ablated by aminoglycoside exposure. Larvae at 5d.p.f. were exposed to 400μmoll −1 neomycin in embryo medium for 1h and then immediately rinsed four times in fresh embryo medium (Harris et al., 2003; Murakami et al., 2003; Owens et al., 2009; Namdaran et al., 2012) . Neomycin exposure at concentrations greater than 100μmoll −1 is known to significantly reduce swimming speed in larval zebrafish (Buck et al., 2012) . Startle percentage to catch stimuli was measured after neomycin exposure and responses returned to baseline ~3-4h post-exposure. To account for any additional effects, larvae were allowed to recover in fresh embryo medium for 6-12 hours before experimentation. This recovery period is not long enough for hair cell regeneration to occur (Ma et al., 2008) . After recovery, the fish were tested as ). Data are normalized to a relative value of 0dB assigned to the maximum sound level for the fundamental frequency tested. Insets, time course of pure-tone stimuli used for the startle response assay at 14dB (re. 1ms -2 ). The response is characterized by a fast, coordinated contraction on one side of the body, forming a distinctive C-shape (frame 4). Successive frames are 4ms apart. (B)Diagrammatic representation of the four points marked throughout startle characterization: two eyes (green), caudal edge of the swimbladder (blue) and caudal fin (red). Point tracking was used to measure head-tail Euclidean length and head-midpoint-tail angle throughout responses.
described above for the prepulse experiments. Five larvae from each cohort of aminoglycoside exposure were used to assess the efficiency of the aminoglycoside treatment.
To assess the efficiency of aminoglycoside ablation, lateral line superficial hair-cell neuromasts were labeled with the fluorescent vital dye DASPEI {2-[4-(dimethylamino)styryl]-N-ethylpyridinium iodide; 0.005% final concentration in embryo medium} for 15min. Larvae were then rinsed twice in fresh embryo medium and anesthetized in 10μgml -1 MS222 (tricaine methanesulfonate, Sigma, St Louis, MO, USA). Larvae were visualized using an epifluorescence dissecting microscope with 450-490nm laser. Ten neuromasts were evaluated per fish: supraorbital (SO1, SO2), infraorbital (IO1-4), mandibular (M2), middle (MI1, MI2) and otic (O2) (Raible and Kruse, 2000) . Each neuromast was assigned a score of 0-2: 0 (little/no staining), 1 (reduced staining) and 2 (normal staining) for a combined score of between 0 and 20 per fish.
Data analysis
The binomial response data collected from each plate were analyzed using a curve-fitting procedure. For each frequency, responses at each stimulus level were converted to a response percentage. Assuming that the response percentage for a set of fish was a good measure of the probability of eliciting a response from any given fish, the thresholds for each frequency were determined by fitting the response percentages with a Weibull cumulative distribution curve using a maximum likelihood method (Wichmann and Hill, 2001; Treutwein, 1995) . These curves show the best fit model to the data and are most accurate for the sound levels tested (Fig.5) ; note that extrapolation of the curve's upper limits beyond the highest levels tested may not accurately reflect the expected startle response probabilities. Because we did not observe a response in the absence of stimuli, the startle response threshold was conservatively defined as the stimulus level at which the startle response could be reliably elicited >5% of the time. A startle response probability of 5% represents the 95% 'confidence limit' of the baseline no-response condition.
In the PPI experiments, a similar curve-fitting method was used to determine the threshold for the inhibition of the startle response. The binomial response data were converted into a response percentage, as in the case of the startle experiments. However, this response percentage was subtracted from the mean of the paired no-prepulse catch trials before and after stimulus presentation. This yielded a difference in startle probability from the expected value. This difference was then fitted to a cumulative Weibull distribution. The threshold for the inhibition of the startle response was determined for each prepulse frequency tested and was defined as the stimulus level that elicited a 5% reduction of the probability of startle response between PPI trials and the paired catch trials.
A one-way ANOVA was used to test for differences in startle duration between sound stimuli. Startle response data were
The Journal of Experimental Biology 216 (18) heteroscedastic (Bartlett's test, P<0.01 for all frequencies), and therefore non-parametric methods were used to analyze all startle and PPI response data. Differences between thresholds as determined by the startle response paradigm and PPI paradigm were analyzed using a Friedman test (non-parametric equivalent of a repeated measures two-way ANOVA) (Zar, 1999) , and frequency-specific differences between the two paradigms were analyzed using a post hoc pairwise Mann-Whitney U-test, as described by Siegel and Castellan (Siegel and Castellan, 1988) . To assess differences in the lateral line ablation experiments, a Friedman test between treatment and frequency was conducted. All statistical analyses were conducted using MATLAB 2009b.
RESULTS

Acoustic startle response characterization
Acoustic startle responses to pure-tone stimuli were observed in 5d.p.f. or older zebrafish and not in fish younger than 5d.p.f. (data not shown) at the stimulus levels and frequencies tested in this study. Startle responses consisted of an initial quick C-bend of the body, followed by the refractory bends of the tail and head in alternating directions (Fig.3A) . Analysis of the high-speed kinematic data of the evoked startle behavior revealed a highly stereotyped and reliable acoustic startle response. Fig.6 shows representative examples of the kinematic data for both startle and non-startle responses. Positive startle responses consisted of a mean (±s.d.) reduction in the Euclidean distance between the head and tail by 72±8% (N=18), which occurs during the time from the fish's initial movement to the apex of the C-bend of the fish's body. During this initial phase of the startle response, the head-midpoint-tail angle also decreased from 180deg (initial) to a mean (±s.d.) angle of 45±5deg. Changes in the Euclidean distance between head and tail and the head-midpoint-tail angle were highly correlated (r=0.83, N=18 responses) for the initial bend during stage I of startle (Foreman and Eaton, 1993) . In contrast, changes in the Euclidean distance between head and tail (<40%) and the head-midpoint-tail angle (<60%) from the initial position for non-startle responses were much smaller.
The mean latency of the short-latency startle response, defined as the time between the stimulus onset (end of the cosine gated ramp) and initial movement of the fish that met the startle response criteria, was 3.9±2.8ms (mean ± s.d., N=15 responses). The mean (±s.d.) duration of the startle response from the initial movement of the fish to maximum flexion of the body C-bend was 7.1±0.74ms (N=18 responses) and was not different at the sound levels tested (ANOVA, F 1,35 =0.05, P=0.82), indicating that the duration of the startle response was not dependent on stimulus level. The latency and duration of non-startle responses were much longer (>50ms) and more variable in duration, and were not quantified. The percentage of startle responses between the lowest and highest stimulus intensity increased at each frequency. Fig.7 shows the startle response thresholds for acceleration as a function of frequency. Startle response thresholds were lowest at the lowest frequency tested, 90Hz [median=-4dB, interquartile range (IQR): −10 to 2dB re. 1ms ). In general, startle sensitivity decreased with increasing frequency from 90 to 1200Hz with the exception of a slight increase between 540 and 820Hz. At the highest frequency tested, 1200Hz, only five positive responses were observed at any stimulus level.
PPI thresholds of the startle response
PPI thresholds were defined as the intensity of the prepulse stimulus at each frequency that resulted in a >5% reduction in the probability of a startle response to the standardized startle stimulus (820Hz at 20dB re. 1ms -2 ). As with the startle response data, the PPI response data from 10 plates of 24 fish were fitted with a Weibull distribution. The resulting PPI response profiles at each prepulse frequency are shown in Fig.8 . Fig.7 compares the median PPI thresholds and startle response thresholds in terms of acceleration as a function of prepulse frequency. In general, the PPI audiogram showed a steep increase in thresholds from 90Hz (−20dB, IQR: −23 to −16dB re. 1ms
-2 ) to 210Hz (−16dB, IQR: −16 to −12dB re. 1ms -2 ), followed by a gradual threshold increase up to 820Hz (−3dB, IQR: −7 to 1dB re. 1ms -2 ), and then a rapid increase in thresholds up to 1200Hz (20dB, IQR: 9 to 20dB re. 1ms -2 ). The PPI response is similar in shape to the startle response except that the PPI thresholds were significantly lower than the startle response thresholds (Friedman χ 2 1 =72, P<0.001). Post hoc Mann-Whitney U-tests showed that these differences were frequency dependent (Fig.7) . PPI thresholds were significantly lower than startle thresholds at 90-1070Hz (P<0.01 for all frequencies), but differences between prepulse and startle response thresholds at the highest frequencies tested (1200Hz) were not significant (P=0.2). The greatest threshold difference was at 310Hz for which the PPI threshold was ~21dB lower than the startle threshold. PPI thresholds differed more from startle thresholds at lower frequencies (approximately 11 to 21dB from 90 to 540Hz, respectively) than at higher frequencies (approximately -7 to 0dB from 820 to 1200Hz, respectively).
The degree of habituation was measured by 25 repeated presentations of a no-prepulse catch stimulus (820Hz at 20dB re. 1ms -2 ) with a 70s inter-stimulus interval. Response percentages followed a biphasic linear decrease, with the inflection point occurring around the 12th to 15th stimulus presentation. The mean (±s.e.m.) difference in response between the first presentation and the 15th presentation was 19±3% (N=5 plates), whereas the mean (±s.e.m.) difference in response between the first and 17th presentation was 33±4%. However, between the 17th presentation and the 25th presentation, the mean (±s.e.m.) difference in response percentage was only 3±4%.
Effect of lateral line ablation on PPI thresholds
In order to determine the relative contribution of the lateral line to acoustic stimulus detection, 5-6d.p.f. zebrafish were exposed to 400mmoll -1 neomycin for 30min. Neomycin exposure resulted in a high incidence of hair cell death in the superficial neuromasts (DASPEI score: 1.2±0.19, mean ± s.e.m., N=8) compared with control fish, which showed DASPEI scores of 16±0.9. The PPI assay was conducted at a subset of frequencies (90, 210 and 820Hz) used to construct the PPI audiogram. The PPI thresholds for neomycin-exposed fish did not differ from those of the control fish at any of the tested frequencies (Friedman test interaction, ; x-axis) at which the model predicts a response probability of 5% (y-axis). χ 2 2 =0.12, P=0.25, N=10; Fig.9 ). Thus, these results indicate that the mechanosensory superficial neuromasts do not contribute to auditory detection at the tested frequencies during this stage of development. Interestingly, the response probability for the noprepulse catch trials was greatly decreased after neomycin exposure (81±3% for controls, 65±5% for neomycin-exposed fish, means ± s.d.), which suggests a potential negative effect of neomycin on the locomotor behavior of larval zebrafish (Buck et al., 2012 ) that persists 6-12h after exposure.
DISCUSSION
To our knowledge, this study is the first to provide a behavioral audiogram for wild-type (AB) zebrafish during early larval development at 5-6d.p.f. Our goal was to determine the acoustic sensitivity of larval wild-type zebrafish using the behavioral PPI assay, which quantifies the hearing thresholds of larval zebrafish to prepulse tones (90-1200Hz) that inhibit the innate acoustic startle response to a reliable acoustic startle stimulus (820Hz at 20dB re. 1ms -2
). Our results demonstrate that larval zebrafish are most sensitive to low frequency acoustic stimuli from 90Hz (lowest frequency tested) to 310Hz and that the hearing thresholds established from the PPI audiograms were considerably lower than
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We found fast, C-start responses were reliably evoked by puretone acoustic stimuli in 5-6d.p.f. wild-type (AB) zebrafish, whereas this behavior was absent in fish <5d.p.f. (i.e. 4d.p.f. zebrafish) over the range tested (up to 14dB re. 1ms -2 for frequencies of 90-1200Hz). The variability in latency between the responses and the discrepancy between our measurement of latency and previously published accounts of startle latency (Burgess and Granato, 2007; Kohashi and Oda, 2008) were attributed to the ramped stimulus. In fact, some startle responses were observed to begin before the end of the ramp. Zeddies and Fay (Zeddies and Fay, 2005) found a similar timing of onset of the expression of acoustically evoked behavioral responses to pure tones in 5d.p.f. zebrafish but could not characterize the startle response type because of equipment limitations. Earlier work by Eaton and colleagues (Eaton et al., 1977) suggests that the development of the startle response (M-cellinitiated C-start response) occurs very early in development. This fast startle behavior can be evoked by tactile stimulation as early as 44h post-fertilization (h.p.f.) (Eaton et al., 1977) and by visual stimuli 68-79h.p.f. (Easter and Nicola, 1996) . Although Burgess and Granato (Burgess and Granato, 2007) reported occasional startle responses to uncalibrated broadband acoustic stimuli at 3d.p.f., the reliable onset of acoustically evoked startle responses to pure-tone stimuli appears to occur at 5d.p.f. This discrepancy in startle response onset may be due to the nature of the stimulus; the use of uncalibrated stimuli might contain low frequency elements that activate both the inner ear and the lateral line, leading to a higher activation of the M-cell at an earlier observed stage.
Acceleration thresholds from the pure-tone startle audiogram (Fig.7) indicate that 5-6d.p.f. zebrafish are most sensitive to low frequencies <310Hz and that startle responses occur up to 1200Hz (the highest frequency tested). The 820Hz tone at 20dB (re. 1ms
-2 ) had the highest response rate and was subsequently used as the startle-inducing stimulus for the PPI experiments. The and audiogram of hearing sensitivity using the PPI assay (N=10 plates, filled circles) to sub-threshold particle motion stimuli. Thresholds were defined as a 5% probability of startle for the startle response assay or a 5% inhibition of startle from the paired catch trials in the PPI assay. Data are presented as median ± 1 quartile. Lower numbers indicate higher sensitivities. Note that all prepulse thresholds are significantly lower than startle response thresholds. gated acoustic stimuli used here contained little distortion arguing that the fish were responding specifically to the nominal stimulus frequencies.
Habituation to the startle-inducing catch stimulus was negligible in terms of its influence on the PPI response. Even though there was a small drop in the response percentage from the first presentation to the 16th presentation, as the PPI effect was measured relative to the response percentage of the catch trial, the effects of habituation were ameliorated. Habituation to the catch stimulus was also short lived and in agreement with previous studies (Roberts et al., 2011) . Retesting fish greater than 6h after initial habituation experiments showed no long-term effects of the stimulus presentations, and fish responded to catch stimuli at the same percentages as naive fish. In rodents, PPI assays for auditory sensitivity are conducted over multiple days to protect against habituation effects (Young and Fechter, 1983) . A similar protocol may need to be developed for future comparative studies using the PPI assay with other fish species.
Response thresholds measured using the PPI experimental paradigm for 5-6d.p.f. zebrafish were lower than startle response thresholds. These PPI thresholds represent the lowest sound levels for the prepulse test tones that are required to effectively inhibit or modify the M-cell-mediated startle response to a loud acoustic stimulus. Between 90 and 540Hz the PPI thresholds were ~11-21dB lower than the startle thresholds, and between 820 and 1200Hz the PPI thresholds were <7dB lower than startle thresholds (Fig.7) . The lowest PPI threshold was −20dB re. 1ms -1 at 90Hz, which is similar to particle motion thresholds for single unit saccular afferent recordings in other fishes, such as toadfish [Opsanus tau; range: −90 to −37dB re. 1ms -2 at 100Hz (Fay et al., 1994) ], sturgeon [Acipenser fulvescens; −90 to −33dB re. 1ms -2 at 100Hz (Meyer et al., 2010) ] and goldfish [Carassius auratus; −90 to −8dB re. 1ms -2 at 140Hz (Fay, 1984) ].
Auditory thresholds derived from the PPI assay are known to be similar to those derived from electrophysiological methods. Young and Fechter (Young and Fechter, 1983) found PPI thresholds in rats to be similar to auditory brainstem-evoked potential (ABR) thresholds, while Walter and colleagues (Walter et al., 2012) found PPI thresholds were 10-15dB SPL more sensitive than ABR thresholds in Mongolian gerbils. Our findings indicate that larval zebrafish have significant auditory capacity below levels that cause startle responses and the hearing threshold levels determined using the PPI paradigm are similar to AEP thresholds previously characterized for another otophysan fish, the goldfish (Radford et al., 2012) . These findings suggest that the auditory system of 5d.p.f. larval zebrafish is relatively sensitive and functional during early development and that the PPI procedure described here provides a good measure of hearing threshold levels in larval zebrafish. Because of the non-invasiveness of this technique, the auditory sensitivity of larval or juvenile fish (and their cohorts) can be tracked throughout their development, and in future studies should allow researchers to compare auditory thresholds as measured by PPI and other electrophysiological methods (e.g. AEPs or auditory single unit recordings) within a species.
Responses measured using the PPI assays were most likely mediated by the saccule. The fish inner ear consists of three otolithic end organs: the saccule, utricle and lagena (Popper and Fay, 1993) . The upper frequency range (820-1200Hz) suggests that PPI response is via the saccule because it is the only inner-ear end organ known to respond at these frequencies in otophysan fishes (Fay, 1981) . The findings by Bang and colleagues (Bang et al., 2002) are also consistent with saccule-mediated sound detection in that most mutations found to affect the startle response (to a 400Hz tone) had morphological defects associated with the saccular auditory pathway. The lagena of wild-type zebrafish does not develop until 12d.p.f. (Riley and Moorman, 2000) and is thus non-functional in fish ; x-axis) and paired no-prepulse catch trials preceding and following the prepulse stimulus. Similar to the startle response data, a Weibull curve is fitted using an MLE criterion and threshold is characterized as the sound level at which the model predicts a response reduction of 5% (y-axis).
5-6d.p.f. While the utricle may serve an auditory role in adult sleeper gobies (Dormitator latifrons), its sensitivity is ~30dB less than that of the saccule (Lu et al., 2004) . However, studies on adult goldfish have shown that the utricular and saccular afferents are equally sensitive to particle motion stimuli (Fay, 1984; Fay and Olsho, 1979) . Future studies that investigate the functional role of the three different end organs (saccule, lagena and utricle) in 5d.p.f. zebrafish would be instrumental in determining whether each end organ differentially detects and encodes acoustic particle motion and pressure.
Indirect stimulation of the zebrafish inner ear by sound pressure can occur via gas-filled bladders in close proximity to the end organs and/or by means of skeletal adaptations such as the Weberian ossicles in zebrafish and other otophysan fishes that link the swim bladder to the inner ear (Higgs et al., 2003; Popper and Fay, 2011) . However, in zebrafish the Weberian ossicles are not fully formed or ossified until ~36-37mm total length (TL) or ~56d.p.f. (Grande and Young, 2004 ). Higgs and colleagues (Higgs et al., 2003) showed, using AEP, no difference in sound pressure sensitivity of zebrafish during development from 10 to 45mm TL. However, these authors showed that detectable frequencies >2000Hz coincided with increases in body size (at ~17-20mm TL), swim bladder size and connectivity of the Weberian elements, which is consistent with the hypothesis that the Weberian apparatus and swim bladder are responsible for transmitting higher frequency information to the inner ear (Von Frisch, 1938; Fay and Popper, 1974) . Although the swim bladder is inflated and clearly visible in 5d.p.f. zebrafish (~3.5mm TL), the deflation of the swim bladder at this developmental stage does not affect the acoustically evoked behavioral response thresholds (Zeddies and Fay, 2005) . These results suggest that 5-6d.p.f. zebrafish do not respond to sound pressure, but instead respond exclusively to particle motion and direct acceleration of the inner ear otolithic organs. As a result, it is not surprising that at this early stage of development, the audiogram resembles that of fish that do not have specialized adaptations for detecting pressure.
Ablation of the mechanosensory superficial neuromasts using aminoglycosides had no effect on the hearing sensitivity of larval zebrafish at frequencies of 90, 210 and 820Hz, which is consistent with AEP studies from adult goldfish (Higgs and Radford, 2013) . At this stage of development, 5-6d.p.f. zebrafish are only known to have superficial neuromasts capable of detecting vibrational stimuli up to 50Hz (Liao et al., 2012) . Lateral line canal neuromasts, which are capable of encoding frequencies up to 200Hz (Kalmijn, 1988; Montgomery et al., 1995) , do not develop until ~32d.p.f. (~10mm TL) (Webb and Shirey, 2003) . Future studies are needed
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The PPI assay described here could be used as a valuable tool to screen for novel compounds that protect inner ear hair cells from noise-induced damage and investigate the molecular genetic basis of hearing in larval zebrafish. Molecular genetic studies on zebrafish hearing have thus far focused on unresponsive/deaf mutants with mutations affecting inner ear anatomical development (and/or its associated structures) or a loss of hair cell mechanotransduction (Nicolson, 2005) . A PPI assay could be developed to screen for hearing phenotypes, such as those with reduced auditory sensitivity or frequency selectivity, and ultimately used to investigate the genetic basis of auditory processing during early zebrafish development. −1 neomycin at 90, 210 and 820Hz. There is no difference between neomycin-treated (open circles) and control (filled circles) fish. All data are presented as median ± 1 quartile. Note that at 90Hz, medians for treated and control data overlap and lower quartile bars are slightly obscured. (B)Box plots of DASPEI scores for control and neomycin-treated fish, normalized to percentage relative to DASPEI scores for controls. The 400μmoll −1 neomycin treatment had a high rate of superficial neuromast hair cell ablation. Note that the 95% confidence interval bars are obscured for the 400μmoll −1 neomycin treatment.
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